The ultrafast carrier dynamics in InGaN multiple-quantum-well ͑MQW͒ laser diodes were investigated using a time-resolved bias-lead monitoring technique. From the optical selection rules of TE and TM polarized light, one can selectively excite and probe different valence-subband-to-conduction-subband transitions in the MQW structure with different polarized pump and probe light. The subband structure of the MQW structure of the laser diode was calculated and is verified by electroluminescence measurement. Using this technique, ultrafast valence intersubband hole relaxation processes ͑Ͻ0.35 ps͒ were found to dominate the observed carrier dynamics.
The group-III nitride semiconductor alloys AlN-GaNInN are recognized as an important material system for the optoelectronic devices in the spectral range from infrared to ultraviolet. GaN-InN based III-V nitride semiconductors are of interest in many commercial applications, such as light emitting diodes and laser diodes. 1, 2 The carrier dynamics, which are important for high speed device design, have recently been studied by femtosecond time-resolved pump-probe 3 or coherent spectroscopy 4, 5 with above-bandgap photons. However, various contributions such as electron-electron scattering, hole-hole scattering, electronhole scattering, electron-phonon interactions, and holephonon interactions, mix together and make it very difficult to extract the fundamental material parameter for one particular scattering process or single type of carrier. Sun et al. and Ye et al. have developed an infrared pump-ultraviolet probe technique to isolate electron and hole dynamics and used it to study the electron relaxation dynamics in n-type GaN thin films 6, 7 and hole dynamics in p-type GaN thin films. 8 In this letter, we used a time-resolved bias-lead monitoring pump-probe technique 9 that uses two UV pulses of equal amplitude with various polarization configurations ͑TE-TE, TM-TE, and TM-TM͒ to study the carrier dynamics in the InGaN multiple quantum well ͑MQW͒ laser diode. The TM polarization is the direction of electric field parallel to the c axis ͑normal to the surface͒ and TE polarization is the direction of electric field perpendicular to the c axis. From the optical selection rules of TE and TM polarized light, one can selectively excite and probe different valence subbands to conduction band transitions in the MQW structure with different polarized pump and probe light.
The sample under investigation was a commercial ridge waveguide MQW InGaN laser diode. The lasing wavelength of the laser diode is 403.5 nm. The peak of TE polarized electroluminescence was 407.3 nm and the TM polarized electroluminescence was peaked at 400.7 nm. The peak of the electroluminescence at TE and TM are separated by 6.6 nm ͑50 meV͒. This is consistent with the calculation that will be shown later.
In the wurtize crystalline structure, the selection rules for the optical momentum matrix elements for the transitions between the conduction band and the three valence bands can be derived from the symmetry properties of the zone center wave function. 10, 11 In the following, these acronyms will be used, C: conduction, HH: heavy hole, LH: light hole and CH: crystal-field splitoff hole. Let us first describe the band structure and the optical selection rule of bulk In 0.15 Ga 0.85 N. At the zone center (kϭ0), the HH-C transition will only occur when the polarization of the light is perpendicular to the c axis, i.e., TE polarized. The CH-C transition will favor the TM polarized light, i.e., the light polarized along the c axis. For the LH band, LH-C transition will mostly occur when the light is TE polarized. Away from the zone center, the HH-C transition remains TE polarized while the CH-C transition and the LH-C transition switch polarization, i.e., CH-C transition become TE polarized and LH-C become TM polarized. Because the hole energy of the CH band is larger than the hole energy of the HH band and LH band at the zone center, TM polarized light will excite holes with higher energy compared to the energy of the holes excited by the TE polarized light. The holes excited by TM polarized light will relax back to the top of the valence band and thus affect the absorption properties of TE polarized light, but not the other way around, i.e., TM will affect TE but TE will not affect TM.
In the quantum well ͑QW͒ structure, the valence band turns into different valence subbands. Because of the valence band mixing effect, the optical selection rules are modified. We used the finite-difference method to solve the effectivemass equations 12 for the QW structure. We took band structure parameters from Ref. 13 and a valence band offset of 33% was used. The band gap of HH1-C1 has been adjusted to match the peak of the measured TE polarized electroluminescence spectrum ͑407.3 nm͒. Figure 1͑a͒ shows the dispersion curve of different conduction and valence subbands in the QW structure with 3 nm In 0.15 Ga 0.85 N well and In 0.02 Ga 0.98 N barrier. The solution of the effective mass equation was used to calculate the transition matrix element in order to find the optical transition strength for different valence subbands to conduction band transitions. The normalized optical transition strengths for the four lowest valence subband to the first conduction subband transitions are shown in Fig. 1͑b͒ . Note that the first significant TM polarized transition occurs at a higher energy compared with the TE polarized transition and the calculated energy separation ͑ϳ50 meV͒ is consistent with the electroluminescence measurement. Since the TM polarized light will excite the higher energy hole compared to the TE polarized light, the same prediction for the bulk InGaN will also apply to InGaN QW, i.e., TM will affect TE but TE will not affect TM.
The schematic diagram of the time-resolved bias monitoring setup is shown in Fig. 2 . The pump and probe beam are derived from the second-harmonic generation of a tunable 100 fs Ti:sapphire modelocked laser. Pump and probe beams are combined collinearly and directed to the laser diode under test. Both the pump and probe beams are mechanically chopped at frequencies of 1.7 and 2.0 kHz, respectively. The photocurrent collected from the laser diode was measured by a lock-in amplifier at the sum frequency of 3.7 kHz as a function of the delay between the pump and probe pulses. In order to avoid the interference signal between the pump and probe in the co-polarization configuration, the frequency of the probe beam was shifted by 40 MHz with an acousto-optic frequency shifter.
At below-band-gap excitation ͑425 nm͒, the timeresolved photocurrent response signal is enhanced when both pump and probe light overlapped in time. This positive instantaneous signal is attributed to two-photon absorption contributed with one pump photon and one probe photon and the width of this signal is 0.37 ps, limited by the autocorrelation width of the laser pulse.
When we tune the laser wavelength to be above the band gap of InGaN MQW, different behavior was observed for different pump-probe polarization configurations. Figure 3 shows examples traces taken at a wavelength of 400 nm. As shown in Fig. 3͑a͒ , when both pump and probe are TE polarized, there is a negative instantaneous signal and a negative double-sided exponential decay signal. The negative instantaneous signal is attributed to a phase space filling effect with a fast initial relaxation faster than our system time resolution. This initial fast relaxation can be attributed to the carrier thermalization mainly due to carrier-carrier scattering. The slower negative exponential decay signal with a time constant (t R ) of 2.2 ps is attributed to the carrier energy relaxation where the carrier-phonon interaction will lead to a new equilibrium between the carriers and the lattice system. However, when both pump and probe are TM polarized, only a negative instantaneous signal can be observed. From  Fig. 1͑a͒ , both HH1-C1 and LH1-C1 transitions can be excited at 400 nm with TE polarized light and the related electron dynamics may become relevant to the observed dynamics.
14 However our observation reveals that the observed carrier dynamics are mainly contributed from the hole. The fact that the 2.2 ps time constant process is missing in the TM-TM measurement and only exists in the TE-TE measurement suggests that the 2.2 ps process does not originate from the electron in the conduction band but from the hole in the valence band. The resolution-limited response in the TM-TM measurement suggests an extremely fast ͑ Ͻ0.35 ps͒ intersubband hole relaxation for the TM-generated hole in the LH2 and HH2 subbands into lower HH1 and LH1 subbands, which are only sensitive to the TE polarized light. In order to study this intersubband hole relaxation process, cross polarization measurement was performed and the result is shown in Fig. 3͑b͒ .
In the cross polarization configuration, positive delay means TM polarized light ͑pump͒ enters the laser diode before the TE polarized ͑probe͒ light and negative delay means TE polarized light ͑pump͒ enters the laser diode before TM polarized light ͑probe͒. At positive delay, there is fast initial decay followed by another positive single-sided exponential decay signal with the same time constant (t R ϭ2.2 ps) as the one observed in the TE-TE polarization configuration. The fast initial rise of the observed TE signal supports the previous suggestion that an extremely fast ͑Ͻ0.35 ps͒ intersubband hole relaxation for the TM-generated holes in LH2 and HH2 subbands relaxed into the HH1 and LH1 subbands. These LH2-and HH2-subband-transferred holes in the lower HH1 and LH1 subbands will then follow a similar thermalization process as the directly generated holes. It is interesting to note that at negative delay, the signal remains constant and the 2.2 ps process is not observed, further confirming that the 2.2 ps process is due to the generated hole and not due to the generated electron in the conduction band.
In conclusion, the femtosecond carrier dynamics in InGaN MQW laser diode were studied using a time-resolved bias-lead monitoring technique. Using the optical selection rules in the wurtize QW structure and various pump-probe polarization configurations, an ultrafast intersubband hole relaxation process ͑Ͻ0.35 ps͒ can be observed. We believe these ultrafast intersubband hole transitions will have a profound influence on the laser gain dynamics of InGaN laser diodes.
